Introduction
The differentiation, proliferation, survival, and immune functions of hematopoietic cells are regulated by cytokines which bind to their appropriate cell surface receptor. Some important cytokine receptors, however, lack intrinsic kinase activity and thus rely on a family of tyrosine kinases called Janus Kinases (comprised of 4 members JAK1, JAK2, JAK3, and TYK2) that associate with the cytoplasmic tail of the receptor [1, 2] . Following the binding of a cytokine to its receptor, JAKs autophosphorylate and transphosphorylate other proteins. JAKs phosphorylate sites on the cytokine receptor cytoplasmic tails, which create docking sites for signaling http://dx.doi.org/10.1016/j.cyto.2016. 10 .012 1043-4666/Published by Elsevier Ltd.
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effectors, principally the signal transducers and activators of transcription (STATs). The STATs are then phosphorylated, resulting in nuclear translocation. The STAT family of proteins play critical roles in regulating gene expression. JAKs play important roles in erythroid, myeloid and lymphoid cells. In the erythroid lineage, JAK2 associates with the erythropoietin receptor (EPOR), and in the myeloid lineage with the thrombopoietin receptor (TPOR) and granulocyte colony stimulating factor receptor (G-CSFR). In lymphoid cells, JAK1 mainly associates with the cytokine chain (IL2, IL4, IL7, IL9, IL15, IL21), and JAK3 associates with the common gamma chain (cc) to result in a fully functional cytokine receptor heterodimer [3] .
The significance of JAKs in hematopoietic function is clear when these kinases are deleted. JAK1 and JAK2 deletions have been shown to be embryonic lethal; loss of JAK1 results in defective neural and lymphoid development, while the loss of JAK2 effects erythropoiesis [4] . JAK3 mutations cause severe combined immunodeficiency (SCID), resulting in patients who lack T cells and NK cells, largely due to IL-7 and IL-15 receptor loss of function [2, 5, 6] .
The finding that loss of JAK3 results in SCID highlights the necessity of this kinase in immune function. However, while cytokine signaling is critical for immune cell function, their aberrant function is also implicated in the pathogenesis of autoimmune diseases and hematopoietic malignancies. Since JAK3 is immediately downstream of many cytokine receptors, this kinase became an attractive therapeutic target for treating autoimmune and organ transplant patients. Furthermore, since JAK3 is only expressed in a few cell types, inhibiting or downregulating its expression had the potential to be less toxic than other broad immunosuppressants [4] . The interest in using JAK inhibitors to treat hematological malignancies originated with the discovery that the underlying cause of polycythemia vera in over 95% of patients is due to a single point mutation in JAK2 (JAK2 V617F) which renders the enzyme hyperactive and cytokine-independent. Since then, mutations in components of the JAK/STAT pathway (IL7R, CRLF2, JAK1, JAK2, or JAK3) have been discovered in other hematological malignancies such as acute lymphoblastic leukemia (ALL), acute myeloleukemia (AML), and lymphomas (Table 1) . Due to these discoveries, the idea of using JAK inhibitors as a monotherapy or in combination with other chemotherapies is becoming an attractive option in this era of precision medicine. Using a targeted therapy approach could hopefully cure patients with various mutations that historically have a poor prognosis. This review will aim to highlight common JAK/STAT pathway mutations in hematological malignancies, where a JAK inhibitor may be useful in the treatment regimen.
Tofacitinib and Ruxolitinib-two FDA approved JAK inhibitors
The idea of creating JAK inhibitors to treat immune diseases was initiated for rheumatoid arthritis (RA) therapy. RA is generally treated with monoclonal antibodies, particularly anti-tumor necrosis factor (TNFa) antibodies that block cytokine and cytokine receptor activity. The possibility to treat autoimmune diseases with a JAK inhibitor was initially realized in 1995 [5, 7] . The concept of targeting JAKs for the treatment of chronic autoimmune diseases had several advantages over other biologics such as monoclonal antibodies. TNF inhibitors are a popular therapeutic option for rheumatoid arthritis, psoriasis, and inflammatory bowel disease, but patients often need to take drugs for decades to control the disease. Many patients do not want to receive injections or intravenous therapy; research has shown that only 50% of rheumatoid arthritis patients are still receiving monoclonal antibody treatment after two years [8] . JAK inhibitors, on the other hand, are taken orally. Tofacitinib, a JAK1 and JAK3 inhibitor, was FDA approved in 2012 for the treatment of rheumatoid arthritis. Tofacitinib is currently being explored for use in alopecia areata, psoriasis, and ulcerative colitis. The use of tofacitinib to treat autoimmune disorders is outside the scope of this review and will not be discussed here.
The discovery of the JAK2 V617F mutation in myeloproliferative neoplasms (MPN) opened up new roles for JAK inhibitors, especially in the treatment of hematological malignancies. Ruxolitinib, a JAK1 and JAK2 inhibitor, was FDA approved in 2011 for the treatment of myelofibrosis. Ruxolitinib is a competitive inhibitor of the ATP binding site on kinase domain. In a first-in-human pharmacodynamics study, ruxolitinib was shown to inhibit STAT3 phosphorylation in a dose-and time-dependent manner; maximal inhibition of STAT3 occurred within 1-2 h following a single oral dose of the drug [9] . In a Phase I/II study with JAK2V617F positive and negative myelofibrosis (PMF) patients, the maximum tolerated dose was determined to be 25 mg twice a day or 100 mg once a day; the dose is limited by reversible thrombocytopenia [10] . Following a single oral 24 mg dose, ruxolitinib is rapidly and efficiently absorbed, reaching peak plasma concentrations within 2 h. The drug has a relatively short half-life of about 3 h. Healthy volunteers receiving a single dose of ruxolitinib excrete approximately 70% of metabolized compound within 24 h, mostly through the urine. After ten days of dosing, it was determined that very little of the parent compound or metabolites accumulate in the body [9, 11] . Clinical efficacy of ruxolitinib in trials with myelofibrosis patients will be discussed below. 
Myeloproliferative neoplasms (MPN)
MPNs are a group of chronic disorders characterized by a proliferation of abnormal hematopoietic progenitor cells in the bone marrow. MPNs include PMF, polycythemia vera (PV), essential thrombocythemia (ET), and chronic myelogenous leukemia (CML). The underlying pathogenesis of CML is the BCR-ABL1 oncogene, which is managed with the tyrosine kinase inhibitor imatinib. PV is characterized by an overproduction of red blood cells while ET results from an overproduction of platelets due to abnormal proliferation of megakaryocytes [12, 13] . PMF results from abnormal proliferation of hematopoietic stem cells leading to bone marrow fibrosis [14] . As a result of abnormal hematopoietic cell proliferation, MPN patients often have abnormal cytokine production, splenomegaly, extramedullary hematopoiesis, anemia, fatigue, and other symptoms that lead to a poor quality of life [14] [15] [16] . Furthermore, 10-20% of patients progress to acute myeloid leukemia (AML) within the first decade following diagnosis. Collectively, these complications severely impact the quality of life and contribute to an abbreviated lifespan of the patients, with an overall survival of 69 months following diagnosis [17] .
In myeloid lineage cells, JAK2 associates with EPOR, TPOR, or G-CSF. Downstream, JAK2 activates STAT5 and STAT3, which in turn translocate to the nucleus and activate transcription of genes involved in proliferation, survival, and differentiation ( Fig. 1A ) [18, 19] . Aberrant JAK2 signaling plays a key role in the pathogenesis of MPNs. Notably, 95% of PV patients and 50-60% of MF and ET patients have a single point mutation in exon 14 of JAK2 replacing valine 617 with phenylalanine (JAK2V617F). This mutation is in the pseudokinase domain, resulting in cytokine-independent constitutive activation of the JH1 kinase domain and JAK/STAT, PI3K, RAS, and MAPK pathways [20] [21] [22] [23] .
In mouse models, oral ruxolitinib reduces splenomegaly and inflammatory cytokines, eliminates JAK2V617F cells, and increases survival [24, 25] . The Phase I/II study showed that ruxolitinib at 25 mg twice daily resulted in reductions in splenomegaly and pro-inflammatory cytokines as well as resolution of constitutional symptoms [10] . Multiple Phase III trials served to corroborate the results in the Phase I/II trial. COMFORT-1 was a randomized, double-blind Phase III trial comparing ruxolitinib to placebo in intermediate-or high-risk MF. Ruxolitinib was given orally at 15 mg twice a day (patients with platelet counts between 100 and 200 Â 10 9 /L) or 20 mg twice a day for patients with platelet counts above 200 Â 10 9 /L. After 24 weeks, 41.9% of patients treated with ruxolitinib saw a 35% or greater reduction in spleen volume, and 45.9% of patients saw an improvement in constitutional symptoms [26] . COMFORT-II was a randomized Phase III trial comparing ruxolitinib with best available therapy (hydroxyurea, steroids, or supportive therapy) in patients with intermediate or high risk MF. After 48 weeks, 28.5% of patients treated with ruxolitinib saw a 35% or greater reduction in spleen volume [27] . Both studies reported similar side effects of anemia, thrombocytopenia, neutropenia, and diarrhea, concluding that this is a generally well tolerated drug.
Recently, new JAK2 inhibitors have entered clinical trials for MPN with variable success. Fedratinib is a selective JAK2 inhibitor with activity also against FLT3 and RET. This drug demonstrated dose dependent reductions in spleen volume and STAT3 activity. Fedratinib reached phase III clinical trials, but the study and clinical development of this drug was terminated when cases of encephalopathy were reported [15, 18] . Momelotinib is a JAK1/2 inhibitor that has shown to reduce spleen volume in 48% of patients [28] . A Phase III trial comparing momelotinib to ruxolitinib in intermediate or high risk MF patients is ongoing [29] . Pacritinib is a JAK2 and FLT3 inhibitor that binds to ''activated" JAK2 and inhibits phosphorylation at Y221, thereby inhibiting STAT3 and STAT5 activation and inducing apoptosis [18, 30] . In 2014, pacritinib received Fast Track Designation by the FDA for the treatment of MF [31] . Clinical trials studying the safety profile of pacritinib have shown that this drug is well tolerated, with minimal myelotoxicity and the major adverse effects being gastrointestinal [18, 32] . Preclinical studies in mice and Phase I/II clinical trials have shown parcritinib to be effective in MF, based on spleen reductions of 35% or greater, and has now progressed into Phase III trials [18, 33, 34] . Finally, lestaurtinib is a multikinase inhibitor that has been shown to improve symptoms in JAKV617F positive ET and PV patients with 15% of patients demonstrating a 15% or greater reduction in JAK2V617F allele burden [35] [36] [37] .
Acute lymphoblastic leukemia (ALL)
ALL results from the transformation of either immature B or T cells and is the most common childhood cancer (25% of cases). B-ALL is more common (85% of cases), and has a more favorable prognosis than T-ALL [38] . In the 1940s, the first effective chemotherapeutic agent was developed to treat ALL, and since then, the cure rate has increased from 10% to 80-90%. However, ALL remains the second leading cause of cancer deaths in children. In adults, ALL has a less favorable outcome with a cure rate of 30-40% and about 50% of patients relapsing after achieving complete remission [39] . The first indication that JAK aberrations could play a role in hematological malignancies was observed in a pediatric ALL patient with a translocation event between JAK2 and the transcription factor TEL. While TEL-JAK2 appears to be a rare event in human leukemia, the TEL-JAK2 transgenic mouse model results in T-ALL and this model has been useful in revealing the relationship between JAK/ STAT aberrations and leukemogenesis [40, 41] . In order to improve the prognosis for certain subtypes of ALL, it is important to understand the underlying molecular mechanisms of this heterogeneous disease to develop more targeted and less toxic therapies.
T cell acute lymphoblastic leukemia (T-ALL)
IL7Ra mutations are seen in approximately 9% of pediatric T-ALL patients. These mutations are gain of function amino acid insertions that induce ligand-independent activation of the IL7 pathway, including constitutive JAK1 and STAT5 phosphorylation. Almost all of these patients (82%) have insertional sequences that contain an unpaired cysteine residue in the extracellular juxtamembrane-transmembrane region in the IL7Ra chain. This results in an intermolecular disulfide bond dimerizing two IL7Ra chains, allowing for constitutive activation of JAK1 in the absence of JAK3 and cc (Fig. 1B) . Remarkably, no two patients are reported to have the same exact insertional mutation, despite each one containing a cysteine and often a proline [42, 43] . In vitro studies showed that both tofacitinib and ruxolitinib were effective at inhibiting JAK1 phosphorylation and inducing cell death in a thymocyte cell line engineered to express mutant IL7Ra [42, 44] . Non-cysteine mutations in IL7Ra have also been reported; however, when BaF3 cells were transduced with these IL7Ra mutated constructs, only 2 of the 3 resulted in cytokine independent growth and leukemia in Balb/c mice [45] .
Early T Cell Precursor (ETP) is a subset of T-ALL in which the leukemia cells express myeloid and early progenitor stem cell markers, as well as T cell lineage markers. These patients in particular have a high risk of treatment failure and a poor prognosis. IL7Ra mutations are also seen in ETP ALL, along with mutations in JAK1 and JAK3 [46] . In mouse xenograft models of ETP-ALL, JAK/STAT inhibition was effective in reducing leukemic burden [47] .
In adults, T-ALL has a poor prognosis. Adult T-ALL is classified into three subtypes based on immunophenotype: early immature TALL, mature TALL, and thymic T-ALL, with thymic T-ALL having the best prognosis of the three. IL-7Ra mutations have not yet been reported in adult T-ALL patients [48] . However, JAK mutations are common in adult T-ALL; 13.6% of adults with T-ALL have mutations in JAK3, and JAK1 mutations have been detected in 4-18% of adult T-ALLs [49] [50] [51] . These mutations are seen in high risk patients with an immature T-ALL phenotype.
B cell ALL (B-ALL)
Aberrations in components of the JAK/STAT pathway are common in B-ALL that are described as ''Philadelphia chromosome (Ph)-like". These leukemias have a poor prognosis and a transcriptional signature similar to the Philadelphia chromosome positive leukemias but do not have the BCR-ABL rearrangement [52, 53] . In normal B cells, the IL7Ra dimerizes with CRLF2 to form the TSLP receptor. CRLF2 directly interacts with both wild type and aberrant JAK2 (Fig. 1C) . Chromosomal translocations, rearrangements, or gene duplications in CRLF2 have been identified in 5-10% of both pediatric and adult B-ALL, and are associated with poor prognosis [54] . A translocation event leads to an immunoglobulin heavy chain (IgH)-CRLF2 fusion, placing CRLF2 under alternate transcriptional control and resulting in overexpression of CRLF2. Alternatively, a deletion results in a P2RY8-CRLF2 fusion [55, 56] . However, CRLF aberrations alone are not sufficient to induce leukemogenesis. The majority of these cells also contain mutations in other components of the TSLP signaling pathway, such as JAK2 (in 30-50% of cases), cysteine insertions in IL7Ra, or an F232C substitution in CRLF2 resulting in constitutive homodimerization via disulfide bond (similar to IL7Ra mutations) [57] [58] [59] . Patients with CRLF2 aberrations also commonly have deletions or mutations in the lymphoid transcription factor IKAROS (IKZF1). These patients are also described as ''Philadelphia chromosome-like" and patients with IKZF1/CRLF2 mutations have a poor prognosis [52] .
JAK mutations are common in high risk B-ALL. These mutations occur independently of CRLF2 [44] . Out of 187 patients sequenced, 20 (10.7%) patients had mutations in JAK1, JAK2, or JAK3. Sixteen patients had JAK2 mutations, with 13 in the pseudokinase domain (R683G, R683S, I682F, QGinsR683), and 3 within the kinase domain (R687Q, D873N, and P933R). Three patients had mutations in the pseudokinase domain of JAK1 (L624_R629>W, S646F, and V658F), and one patient had a JAK3 mutation (S789P). Two of the patients with JAK2 mutations had were DS-ALL cases (discussed below). These JAK mutations are highly associated with mutations in the lymphoid transcription factor IKAROS (IKZF1) (70% of all JAK cases) and deletion of CDKN2A (70%). JAK mutations with IZKF1 alterations have a very poor outcome; 78% of patients with JAK and IKZF1 mutations will relapse, die, or have a second malignancy within 4 years [52] .
Children with Down Syndrome have a high risk of leukemia. The risk of ALL (DS-ALL) is 33 times higher for Down syndrome patients compared to children without Down syndrome [58] . They are almost exclusively B-ALL, and have a poor prognosis compared to non-DS ALL patients [60] . Approximately 60% of DS-ALLs have aberrant expression of CRLF2 that is associated with other mutations in the JAK-STAT pathway [43, 55, 58] . JAK2 mutations are also common in DS-ALL patients, particular involving the JAK2 R682 residue. One study reported 16 out of 88 DS-ALL patients with R683 mutations [61] , while another reported a 20% incidence of JAK2 R683 mutations [62] , suggesting this residue is a ''hotspot" in DS-ALL patients [63] .
Clinical trials are ongoing for the use of ruxolitinib and other JAK inhibitors in the treatment of ALL. Recently, MD Anderson Cancer Center has completed a Phase I/II trial to assess the efficacy of ruxolitinib in relapsed or refractory AML or ALL patients (ages 14 and older) [64] . Incyte has recently initiated a Phase II trial to assess the efficacy of combining ruxolitinib with the standard chemotherapy regimen for B-ALL patients with CRLF2 or JAK/STAT pathway aberrations [65] .
Acute myeloid leukemia (AML)
AML is due to aberrant growth of myeloid cells that accumulate in the bone marrow. Pediatric AML accounts for 15-20% of pediatric leukemia, with survival rates of approximately 70% [66] . In adults, AML is the most common type of leukemia, but only 10-20% of patients older than 60 will be cured [67, 68] . Furthermore, about 5-10% of patients will die from side effects of the treatment protocol, with additional patients suffering long-term side effects such as anthracycline-induced cardiomyopathy [69] . Like ALL, advances have been made in understanding the molecular mechanisms underlying AML, which may improve treatments. JAK2 mutations are rare in AML, but the majority of AMLs have activated STAT3 and/or STAT5, which may be due to aberrations in signaling molecules upstream of STAT, such as FLT3 [70] . However, AML is a common complication stemming from MPNs [71] . The efficacy of ruxolitinib in treating relapsed/refractory AML and ALL was studied in a Phase II trial. After 28 days of treatment, 8 of the 23 enrolled patients demonstrated a complete remission, partial remission or stable disease; 5 of these 8 patients had the JAKV617F mutation. A follow up to this study demonstrated 15 of 38 patients had a response to ruxolitinib with 2 of the 15 patients positive for JAK2V617F [68] . Lestaurtinib has also shown efficacy in treating adult and pediatric AML [72, 73] . Down Syndrome patients are also at extremely high risk for AML. The incidence of AML (ML-DS) is about 150 times higher than children without Down syndrome [58] . ML-DS manifests as erythro-megakaryoblastic leukemias that often present with thrombocytopenia and/or myelodysplasia [58, 74] , and usually responds well to therapy due to its sensitivity to chemotherapeutics, particularly cytosine arabinoside [75] . The underlying genetic mechanism of ML-DS is an acquired mutation in GATA1, but this mutation alone is insufficient for the development of ML-DS. Common mutations that promote the growth and proliferation of the cells do include mutations in the JAK-STAT pathway, especially JAK2 [58, 75, 76] .
Lymphoma
Lymphoma is a lymphoid malignancy arising from mature B or T cells. Lymphoma has a diverse molecular etiology; however, aberrations in the JAK/STAT pathway are common. To date, only JAK3 and JAK2 mutations have been described in lymphoma patients. 32% of Natural Killer/T cell lymphoma patients are reported to have JAK3 point mutations (A572V, A573V) [77] . Enhanced JAK/STAT activity has been observed in Primary Mediastinal B cell lymphoma (PBML) and Hodgkin's Lymphoma (HL). In particular, 55% of PMBL patients and 35% of HL patients share a common genetic signature of an amplification of chromosome 9p24, which involves 21 genes including JAK2 [78, 79] . Data suggest that the amplified JAK2 works in an autocrine feedback loop with the IL13 receptor; JAK2 is activated by IL13 and the signal is amplified by the 9p24 amplicon. The JAK2 activation in turn phosphorylates STAT6 which translocates to the nucleus and results in the transcription of the Il13 gene and production of IL-13 protein.
The IL-13 is secreted from the cell and binds to the IL-13 receptor, thereby continuing to enhance the JAK2/STAT6 pathway (Fig. 1D ) [80] .
A few clinical trials have focused on JAK inhibitors in the treatment of lymphoma. Fedratinib, a JAK2 inhibitor, has been shown to block phospho-STAT3, cell viability, and proliferation in 9p24-amplicon positive HL and PMBL cell lines in vivo and in vitro [81] . Pacritinib is the first JAK2 inhibitor to enter Phase I clinical trials for lymphoma patients. Pacritinib showed therapeutic benefit in 55% of patients as evidenced by reduction in tumor size [82] . The effects of ruxolitinib on primary HL or PMBL have not been reported yet [80] .
Potential obstacles with JAK inhibitor therapy and suggestions
Though FDA approval of Ruxolitinib has been a breakthrough therapy for patients with MPN, it is not a perfect treatment, nor is it curative. In a long-term follow up study of 236 MPN patients receiving ruxolitinib in the COMFORT-1 trial, only 20 achieved a partial response and 6 achieved complete response, as measured by allele burden over 216 weeks [83] . For most patients, chronic therapy with ruxolitinib has not led to molecular or pathological remission. This is not due to acquiring secondary mutations, but rather due to a phenomenon termed ''persistence" [84] . Persistence is considered an adaptive form of resistance in which JAK/STAT signaling is reactivated due to heterodimerization between JAK2 and JAK1/TYK2. A potential solution to this is the development of a ''Type II" JAK inhibitor called CHZ868. CHZ868 and other Type II inhibitors bind JAK2 in the inactive conformation and occupy the ATP binding site and an induced hydrophobic compartment [85] . CHZ868 was found to potently inhibit CRLF-2 rearranged B-ALL patient derived xenograft (PDX) cells in mice after being treated for only 6 days; furthermore, in in vitro models, CHZ868 synergizes with dexamethasone suggesting that Type II JAK2 inhibitors can be combined with standard chemotherapeutic agents [85] . However, cells can become resistant to CHZ868 and other Type II JAK inhibitors. The mechanism for this has not been fully elucidated but may be related to a mutation in JAK2 L884P which may change the shape of the kinase domain [85] . Additionally, a new mechanism of resistance has been reported by which of cultured cells with a JAK1 mutation acquiring a secondary mutation in JAK3 during the course of ruxolitinib treatment. This mechanism has yet to be reported in humans, but the potential should not be ignored [86] .
Rather than monotherapy, a potential solution to reducing resistance or persistence is to combine multiple targeted therapies to inhibit more than one signaling pathway [87, 88] . Ruxolitinib can be combined with mTOR inhibitors, particularly in CRLF2-overexpressed leukemias that often have aberrant PI3k/mTOR activity [88] . In a FLT3-positive AML model, JAK inhibitors were shown to synergize with FLT3 inhibitors to overcome drug resistance in the bone marrow microenvironment [89, 90] . A promising strategy is to combine ruxolitinib with a BCL-2 inhibitor, such as navitoclax or venetoclax. In clinical trials, navitoclax was found to induce dose dependent thrombocytopenia. Therefore, navitoclax was re-engineered as venetoclax, which is more specific for BCL-2 and eliminates the negative effects on platelets. Venetoclax has strong activity against CLL and AML cell lines, as well as subsets of non-Hodgkin's lymphoma and multiple myeloma [91] . Venetoclax is currently in multiple stages of clinical trials to treat subsets of leukemia and lymphoma, either as a single agent or in combination with other conventional chemotherapies [92] .
Combining a JAK inhibitor with a BCL-2/BCL-xl inhibitor was effective in xenotransplanted human pre-B ALL cells expressing either JAK2 R683G or JAK2 T875N, by inhibiting STAT5 activation and inducing cell death [87] . Additionally, this combination was sufficient to overcome persistence to JAK2 inhibition. After inducing persistence in the megakaryblastic SET-2 cell line (with a JAK2 V617F mutation), these cells were highly sensitive to treatment with a JAK inhibitor plus ABT737. BCL-2 inhibitors such as venetoclax have shown promise in treating T-ALL as well [93] . One particular study focused on Adult T cell leukemia (ATL), which actually does not have any JAK aberrations [94] , but rather an upregulation of BCL-xl which is upregulated by the IL-2 and IL-15 pathways. In this model, there was an additive or synergistic effect with ruxolitinib and either navitoclax, panobinstat, and mTOR, PI3K, or NFkB inhibitors. Combining ruxolitinib and navitoclax resulted a significant decrease in tumor burden and in prolonged survival in an ATL mouse model [95] .
Implementing precision medicine with the use of JAK inhibitors
Despite the progress in treating hematological malignancies, including leukemia, there is a need for less toxic and better targeted drugs. Current chemotherapy regimens include at least 2-3 years of intense treatment, often with long lasting side effects. Conventional chemotherapy may result in remission, but leave the patient with both acute and chronic side effects, including hair loss, infections, thrombosis, pancreatitis, peripheral neurotoxicity, osteonecrosis, neurocognitive defects, and secondary malignancies [44, 96] . The last ten years have been productive in characterizing aberrations and molecular signatures of hematological malignancies, especially in pediatric leukemia. The current challenge is to determine when it is appropriate to replace or supplement non-specific chemotherapeutic drugs with a targeted drug in specific subtypes of malignancies. One example of this approach is the use of imatinib to treat BCR-ABL1 positive ALL. Though this aberration is a rare event in ALL, it is associated with a poor prognosis and the use of imatinib has improved the prognosis in these patients. For children with BCR-ABL1 positive ALL, the event free survival after imatinib therapy is now 72%, compared to 27% for children treated before the approval of imatinib [97] [98] [99] [100] [101] . Leukemia is a heterogeneous disease, and in many subsets, pediatric and adult patients have unique mutations. Fortunately, many of those mutations affect common pathways, with JAK/STAT being one of them. In addition to the aberrations discussed in this review, there are numerous case studies describing JAK/STAT aberrations in single patients.
The future of oncology should include genomic analysis of each patient to determine if any targeted drugs may be useful in their treatment. In 2010, St Jude Children's Research Hospital partnered with The Genome Institute at Washington University to establish the Pediatric Cancer Genome Project to identify the mutations that drive cancer and potentially identify novel therapeutic targets [102] . Additionally, centers of precision medicine are being established, including The National Institutes of Health, St. Jude Children's Research Hospital, University of Pennsylvania, Vanderbilt, Columbia, and Dana-Farber. Another approach is the use of PDX models, in which patient tumors are transferred into immunodeficient mice, while retaining the original characteristics of the tumor including histology and genomic profile. PDX models are used extensively in the research setting, allowing investigators to use clinical relevant samples to study the efficacy of novel therapeutics. In the future, PDX models may allow investigators to develop personalized drug regimens for patients; various drug combinations could be optimized in the mouse before treating the patient, potentially improving clinical outcomes [103, 104] .
Conclusions
Mutations in the JAK/STAT pathway are common in a spectrum of hematological malignancies. The discovery of JAKV617F in MPNs resulted in FDA approval of ruxolitinib. Ruxolitinib has shown efficacy in treating other hematological malignancies such as ALL, AML, and lymphoma in pre-clinical and clinical studies. Though persistence or resistance to ruxolitinib occurs in some models, there is potential to combine ruxolitinib with other drugs, for example a BCL-2 inhibitor such as venetoclax. Additionally, more JAK inhibitors are in development, particularly Type II JAK inhibitors, which may turn out to be more effective than ruxolitinib. As we head into an era of precision medicine, targeting the JAK/STAT pathway is a promising therapeutic avenue in hematological malignancies.
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